Background {#Sec1}
==========

Multiple sclerosis (MS) is a primary cause of neurological disability in young adults and has been regarded as an autoimmune disease characterized by inflammatory demyelination, gliosis and axonal loss in the central nervous system (CNS) (Compston and Coles [@CR7]; Confavreux and Vukusic [@CR8]). The etiology of MS has remained elusive to date; however, the involvement of auto-reactive T and/or B cells has been suspected (Huseby et al. [@CR13]; Pröbstel et al. [@CR23]). Implication of immune cells in the pathophysiological processes of MS have been underpinned by the fact that immunosuppresive or immunomodulatory therapies are effective in reducing the relapse number and in delaying the progression of relapsing remitting MS (Brinkmann [@CR4]; Lim and Constantinescu [@CR20]). Among the drugs used for MS, FTY720, an agonist of sphingosine-1-phosphate (S1P) receptors, exhibits its efficacy by inhibiting the egress of naïve and central memory T and B cells from lymph nodes and probably through secondary beneficial effects on glia in the CNS via S1P receptors (Brinkmann [@CR4]). Oral administration of FTY720 resulted in a marked reduction in lymphocyte number (lymphopenia), in particular, in naïve and central memory T and B cells expressing chemokine receptor CCR7 being present in the secondary lymphoid organs and in peripheral blood. In contrast, effector/memory T cells without CCR7 expression showed a relative increase during FTY720 therapy (Brinkmann [@CR4]).

Recent studies have revealed that a subset of innate-like T cells called mucosal-associated invariant T cells (MAITs) could play a role in the pathophysiology of MS. MAITs are characterized by their abundance in humans, occupying up to 10, 20, and 50 % of T cells in the intestinal lamina propria, in the peripheral blood, and in the liver, respectively (Dusseaux et al. [@CR11]) (unpublished results). Contrary to conventional T cells, MAITs recognize vitamin B2 metabolites as antigens and promptly produce a plethora of cytokines and chemokines upon activation (Birkinshaw et al. [@CR2]; Le Bourhis et al. [@CR18]; Wakao et al. [@CR35]). MAITs are believed to play a pivotal role in host defense against bacterial and fungal infection as well as in human autoimmune diseases such as inflammatory bowel disease, systemic lupus erythematosus, psoriasis, and MS (Cho et al. [@CR6]; Miyazaki et al. [@CR21]; Serriari et al. [@CR29]; Teunissen et al. [@CR32]; Treiner and Liblau [@CR33]). In the case of MS, MAITs have been found in lesions from postmortem brain samples, implying that MAITs are implicated in the pathophysiology of MS (Illés et al. [@CR14]; Willing et al. [@CR36]). However, there has been debate as to the frequency of MAITs in MS. While MAITs were reported to be decreased in peripheral blood from MS patients compared with those from healthy donors (HDs), Annibali and colleagues have shown that MAITs increased along with the disease duration (Miyazaki et al. [@CR21]; Annibali et al. [@CR1]; Willing et al. [@CR36]).

In the present study, we analyzed how MS and relevant drugs affected the phenotype and functions of MAITs as well as those of conventional CD4 and CD8 T cells. Our study revealed that although the phenotypic features of MAITs were affected by the disease as well as by the drugs, MAITs, in particular, had the potential to produce the cytokines relevant to fighting bacterial infections and remained quasi-intact. Furthermore, the relative frequency of MAITs between HD and untreated MS patients did not differ but it increased upon FTY720 treatment in a time-dependent manner.

Methods {#Sec2}
=======

Patients {#Sec3}
--------

Venous blood samples were obtained from HDs and from relapsing-remitting MS patients presenting to Sapporo Neurology Clinics and Hokkaido University Hospital, with informed consent (Table [1](#Tab1){ref-type="table"}). The patients were either disease-modifying treatment free (hereafter referred as untreated) (14 females and 3 males; mean age ± SD, 38.4 ± 12.7 years), interferon (IFN) β1a- or b-treated (10 females and 3 males; mean age ± SD, 40.6 ± 8.6 years), or FTY720-treated (4 females and 3 males; mean age ± SD, 34.1 ± 8.4 years). Among the patients who started on FTY720 therapy in 2012 at Hokkaido University Hospital, seven patients were, in general, followed before and at 3, 12, 24 and 36 months after initiation of FTY720 (0.5 mg per day). MS was diagnosed based on the 2010 revised McDonald criteria for MS (Polman et al. [@CR22]). The samples obtained from 16 HDs (13 females and 3 males; mean age ± SD, 38.5 ± 11.4 years) were used for phenotyping and functional assays, and those from 9 HDs (6 females and 3 males; mean age ± SD, 30.9 ± 7.7 years) were used for absolute blood cell counting. For extensive analysis of MAITs, two untreated subjects were omitted due to the paucity of MAITs (less than 0.6 %). Therefore, samples from15 untreated were used for the further analysis. In the analysis evaluating the effects of FTY720 on MAIT cell frequency and on expression of the cell surface antigens, some samples were missing due to the unavailability (see Additional file [1](#MOESM1){ref-type="media"}: Table S1).Table 1Subjects enrolled in this studyCriteriaNumberSex (F:M)AgeEDSS^a^MedianMean ± SDMedianMean ± SDHD1613:33638.4 ± 11.4NA^b^NAUntreated (UT)1714:33838.4 ± 12.71.51.9 ± 1.7Follow-up after FTY treatment74:33734.1 ± 8.421.9 ± 1.5IFNβ treated129:34141.9 ± 8.422.0 ± 1.0^a^Expanded Disability Status Scale^b^ *NA* not applicable

FACS analysis {#Sec4}
-------------

Peripheral blood mononuclear cells (PBMCs) from untreated, IFNβ-treated, FTY720-treated subjects, and HDs were prepared using a Ficoll gradient and subjected to 8-color fluorescence-activated cell sorting (FACS) analysis, as described previously (Sugimoto et al. [@CR31]). Cell surface antigen expression was analyzed with the indicated phycoerythrin (PE)-labeled anti-human antibodies within Brilliant Violet 421-labeled CD3 (UCHT1, Biolegend, Tokyo, Japan), allophycocyanin (APC)-labeled CD161 (HP-3G10, Biolegend), and fluorescein isothiocyanate (FITC)-labeled anti-Vα7.2 (3C10, Biolegend). The reaction mixture also contained Brilliant Violet 605-labeled CD4 (RPA-T4, BD Biosciences), APC/Cy7-labeled CD8 (SK1, Biolegend), and PE/Cy7-labeled CD45RO (UCHL1, BD Biosciences, Tokyo, Japan). A complete list of PE-labeled cell surface antigens used is found in Additional file [2](#MOESM2){ref-type="media"}: Table S2.

Intracellular cytokine assays were performed as follows. Cryopreserved PBMCs were thawed and treated with DNase, then incubated for 3 h at 37 °C in 5 % CO~2~ to restore the cells. Cells were then stimulated with phorbol 12-myristate 13-acetate (10 ng/ml) and ionomycin (1 μg/ml) (both from Wako Pure Chemicals, Osaka, Japan) in the presence of 5 µg/ml each of brefeldin A (Cell Signaling Technology, Tokyo, Japan) and monensin (Wako Pure Chemicals) for 5 h at 37 °C in 5 % CO~2~. The cultured cells were stained with antibodies against PerCP/Cy5.5-TCR Vα7.2 (3C10, Biolegend), PE-Cy7-CD3 (SK7, BD Biosciences), PE-CF594-CD4 (RPA-T4, BD Biosciences), APC/H7-CD8 (SK-1, BD Biosciences), and Brilliant Violet 421-CD161 (HP-3G10, Biolegend) and permeabilized with BD Cytofix/Cytoperm solution (BD Biosciences) according to the manufacturer's instructions. Intracellular cytokines were stained with antibodies against Alexa Fluor 488-IFNγ (B27, BD Biosciences), PE-tumor necrosis factor (TNF) α (Mab11, Biolegend), Alexa Fluor 647-granulocyte/macrophage-colony stimulating factor (GM-CSF) (BVD2-21C11, BD Biosciences), and Brilliant Violet 510-IL-17A (N49-653, BD Biosciences). Stained cells were acquired using a BD ARIA II (BD Biosciences) and analyzed using FlowJo version 9.9 (FlowJo, LLC) and SPICE version 5.35 (<http://exon.niaid.nih.gov/spice>, National Institute of Allergy & Infectious Diseases, NIH) (Roederer et al. [@CR25]).

Absolute cell counting {#Sec5}
----------------------

EDTA-anticoagulated whole blood was stained with antibodies against FITC-CD45, Brilliant Violet 421-CD3, Brilliant Violet-CD4, APC/H7-CD8, APC-CD161, and PerCP/Cy5.5-TCR Vα7.2, and lysed using 1X BD FACS lysing solution (BD Biosciences). Absolute cell numbers in each cell population were analyzed using a MACSQuant analyzer (Miltenyi Biotec) with volumetric acquisition.

Statistics {#Sec6}
----------

Statistical analyses of FACS data were performed using GraphPad Prism (ver. 6). The significance of differences in the expression of cell surface antigens was evaluated using the Mann--Whitney *U* test or Kruskal--Wallis H test with Dunn's multiple comparison test. *P* values \<0.05 were considered to indicate statistical significance. Change in the relative frequency of MAITs upon FTY720 treatment was evaluated with Friedman's test. Two-way AVONA was used for evaluating the difference among HDs, untreated- and FTY720-treated subjects in terms of the cytokine production profile from MAITs, CD4 T cells, and CD8 T cells and *P* values were corrected with Holm-Sidak test.

For the cytokine production profiling analysis, partial permutation test has been employed with SPICE for the pie chart (Roederer et al. [@CR25]).

Results {#Sec7}
=======

Relative frequency of MAITs in MS {#Sec8}
---------------------------------

MAITs are mainly composed of CD8 cells or double negative cells harboring neither CD8 nor CD4, and of few CD4 cells (Le Bourhis et al. [@CR18]). To assess a possible implication of MAITs in MS, MAITs (Vα7.2^+^CD161^hi^) were analyzed for their expression of CD8 and CD4. We first examined the effects of the disease and of the drugs for MS on these subsets. While there was no or little difference in the relative frequency of MAITs between HD and untreated subjects, CD8^hi^ MAITs were significantly decreased in untreated subjects compared with those in HDs, resulting in more CD8^lo/neg^ MAITs (hereafter referred as double negative (DN) MAITs) in MS (Fig. [1](#Fig1){ref-type="fig"}a, b). Such depletion of CD8^hi^ cells was also observed in IFNβ- and FTY720-treated subjects (data not shown, and Fig. [1](#Fig1){ref-type="fig"}a). In marked contrast, no such change was observed in conventional CD8 T cells irrespective of the disease and the drug treatment (data not shown). Although there was no significant difference in the frequency of conventional CD4 and CD8 T cells between HD and untreated subjects, and between untreated and IFNβ-treated subjects, FTY720 induced a decline in the frequency of CD4 T cells concomitant with an increase in CD8 T cells compared with that in untreated subjects (Additional file [3](#MOESM3){ref-type="media"}: Figure S1). Then, we assessed the relative frequency of total MAITs (Vα7.2^+^CD161^hi^ cells) in T cells (CD3^+^ cells), and of CD8^hi^ MAITs, DN MAITs, and CD4 MAITs relative to total MAITs between untreated and IFNβ-treated subjects. The relative frequency of MAITs did not differ between the groups (Fig. [1](#Fig1){ref-type="fig"}c). Furthermore, IFNβ had little effect on the frequency of DN, CD8^hi^, and CD4 MAITs (Fig. [1](#Fig1){ref-type="fig"}c). We longitudinally examined the effects of FTY720 on the frequency of MAITs. FTY720 treatment for 3 months (FTY-3 m), 1 year (FTY-1y) and 2 years (FTY-2y) significantly enhanced the relative frequency of MAITs compared with that in the pre-treatment state (Fig. [2](#Fig2){ref-type="fig"}, total). Although some patients continued to increase the frequency after 1 year, others started to show a decline (Fig. [2](#Fig2){ref-type="fig"}, total). While there was no significant difference in the frequency of DN MAITs between untreated and FTY-3 m groups, it declined in subjects treated for 3 years (FTY-3y) compared with that in FTY-1y and -2y (Fig. [2](#Fig2){ref-type="fig"}, DN). Of note was that after 3 years' treatment, the relative frequency of DN MAITs almost recovered to the level seen in HDs (median; 40.2 vs. 33.9 %, Figs. [1](#Fig1){ref-type="fig"}b, [2](#Fig2){ref-type="fig"}). The same regimen also resulted in the recovery of CD8^hi^ MAITs to a degree observed in HDs (median; 59.1 vs. 61.1 %, Figs. [1](#Fig1){ref-type="fig"}b, [2](#Fig2){ref-type="fig"}). Although FTY-3 m resulted in a significant decrease in the frequency of CD4 MAITs relative to untreated subjects, 3 years' intake did not restore their frequency as observed in CD8^hi^ MAITs (Figs. [1](#Fig1){ref-type="fig"}b, [2](#Fig2){ref-type="fig"}).Fig. 1CD8 MAITs consist of CD8^hi^ and CD8^hi/lo^ (DN) MAITs cells. **a** A representative FACS profile of mucosal-associated invariant T cells (MAITs) from a healthy donor (HD), a disease-modifying treatment free (untreated:UT) subject, and an FTY720-treated MS subject (MS/FTY720). MAITs are identified as cells harboring Vα7.2 and CD161 in CD3^+^ T cells. Vα7.2^+^ CD161^hi^ cells were gated, and the expression levels of CD4 and CD8 were analyzed. The *number* in the figure shows the percentage of the indicated populations. **b** Difference in the relative frequency of MAIT cell subsets between HDs and untreated subjects. Relative frequency of total MAITs (Vα7.2^+^ CD161^hi^ cells in the total CD3^+^ cells) from HDs (n = 10) and that from untreated subjects (UT, n = 15) are plotted (total). Relative frequency of DN MAITs, CD8^hi^ MAITs, and CD4 MAITs in total MAITs are plotted (DN, CD8^hi^, and CD4, respectively). **c** The effect of INFβ on the frequency of MAITs. Relative frequency of total MAITs and that of the MAIT cell subset in total MAITs from UT (n = 15) and from INFβ-treated subjects (n = 12) are plotted (total, DN, CD8^hi^, and CD4, respectively). **b**, **c** All data are presented as *horizontal lines*: median; *boxes*: 25th percentile and 75th percentile; *whiskers*: minimum and maximum. *P* values after Mann--Whitney *U* test are shownFig. 2Effects of FTY720 on MAITs. *Upper panel* The frequency of MAITs post FTY720 treatment. The frequency of MAITs (Vα7.2^+^ CD161^hi^ cells) relative to total T cells (CD3^+^ cells) in the blood from subjects before (UT(pre)) and after FTY720-treatment (3 months, 1, 2 and 3 years; n = 7) is shown. Each individual was followed up to 3 years. The data are analyzed with Friedman test (from UT (Pre) to 2 years) with Dunn's multiple comparison test for all the possible combinations. Groups showing a difference are indicated with an *asterisk* (\**P* \< 0.05; \*\**P* \< 0.01).*Lower panel*: The effect of FTY720 on the subset frequency of MAITs. The percentage of DN, CD8^hi^, and CD4 MAITs relative to total MAITs in blood from untreated subjects (UT, n = 15) and FTY720-treated (n = 7) subjects are shown. 3 months, 1, 2, and 3 years; subjects received FTY720 for 3 months, 1, 2, and 3 years, respectively. Data are analyzed with Kruskal--Wallis test with Dunn's multiple comparison test for all the possible combinations. Groups showing a difference are indicated with an *asterisk* (\**P* \< 0.05; \*\**P* \< 0.01). All data are presented as *horizontal lines*: median; *boxes*: 25th percentile and 75th percentile; *whiskers*: minimum and maximum

DN MAITs are characteristic in MS {#Sec9}
---------------------------------

Having established that most MAITs have decreased CD8 expression in untreated and FTY720-treated subjects compared with that in HDs, we next addressed whether DN MAITs harbored a different profile of cell surface antigen expression using HD PBMCs. Analysis with an array of antigens (Additional file [2](#MOESM2){ref-type="media"}: Table S2) has uncovered that co-stimulatory molecules CD27, CD28, and CD278 (ICOS), and an integrin family member, CD49d, exhibited decreased expression in these cells relative to that in CD8^hi^ MAITs, whereas expression of a multi-drug efflux pump, CD243, showed the opposite phenotype (Table [2](#Tab2){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2A). On the contrary, there was no difference in expression of CCR5, CCR6, a memory marker CD45RO, CD95, CD218a \[IL-18 receptor α (IL-18Rα)\], and CD127 \[IL-7 receptor α (IL-7Rα)\] between CD8^hi^ MAITs and DN MAITs (Additional file [4](#MOESM4){ref-type="media"}: Figure S2B). Comparison among the different subsets of MAITs also revealed differences in expression. The expression of CCR4, CD95, and ICOS in CD4 MAITs showed an increase compared with that in CD8^hi^ MAITs and in DN MAITs (Table [2](#Tab2){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2C). Conversely, the expression of an inflammatory chemokine receptor, CCR5, a dipeptidase responsible for processing several chemokines and cytokines, CD26, and a signaling lymphocyte associated molecule (SLAM) family member, CD244 declined in CD4 MAITs relative to that in CD8^hi^ MAITs and DN MAITs (Table [2](#Tab2){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2C). Furthermore, CD27 and CD49d expression in CD8^hi^ MAITs was higher than that in DN MAITs (Table [2](#Tab2){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2C). The expression level of CD127 (IL-7Rα) and CD279 (PD1) in CD4 MAITs increased relative to that in DN MAITs (Table [2](#Tab2){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2C), whereas there was no difference in the expression of CCR6, CD28, CD45RA, CD107a, CD150, CD218a (IL-18Rα), NKG2D, and CD45RO (Additional file [4](#MOESM4){ref-type="media"}: Figure S2D).Table 2Cell surface antigen expression in Vα7.2^+^CD161^hi^ MAIT cells from HDDNCD8^hi^CD4CCR4----+CCR5+++++CCR6+++CD26++++++CD27+++CD28++++++CD45RA+++CD49d++++CD95++++CD107a++--CD127+++++CD150+++CD244+++--CD279--++ICOS+++IL18Rα+++NKG2D++--CD45RO++++++− No significant expression+ Median MFI \<1000++ Median MFI 1000\>

Profile of cell surface antigens in MAITs reflected the disease status {#Sec10}
----------------------------------------------------------------------

We extended our study to examine whether there were any markers in MAITs that could distinguish diseases states using an array of antigens (Additional file [2](#MOESM2){ref-type="media"}: Table S2). The expression of CCR5, CCR6, CD95, CD127, and CD150, increased in untreated subjects compared with that in HDs in both CD8^hi^ and DN MAITs ( Table [3](#Tab3){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3A). Similarly, CD45RO decreased in untreated subjects compared with that in HDs in both CD8^hi^ and DN MAITs (Table [3](#Tab3){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3A). We then analyzed the effects of the drugs for MS on the expression of these markers. IFNβ treatment resulted in a decrease in the expression of CCR6 and CD49d relative to that in untreated subjects, whereas the expression of ICOS was augmented in both CD8^hi^ and DN MAITs (Table [3](#Tab3){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3B). Of note, a NK receptor, NKG2D, showed a decline only in DN MAITs. In CD8^hi^ MAITs, a decline of CD28 and CD127 expression was observed, whereas level of a degranulation marker, CD107a, and CD279 (PD-1) increased (Table [3](#Tab3){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3B). We then assessed the effects of FTY720 on expression of the cell surface antigen in DN MAITs and CD8^hi^ MAITs. FTY-1y resulted in a decrease in the expression of CD49d and CD127 compared with those in untreated subjects in both CD8^hi^ and DN MAITs (Fig. [3](#Fig3){ref-type="fig"}). Of note, the same regimen led to a decline in CD27 expression concomitant with an increase in CD107a in DN MAITs, as observed in the terminal differentiation of effector cells (Fig. [3](#Fig3){ref-type="fig"}) (Brenchley et al. [@CR3]). While FTY-2y resulted in an increase in CCR5 expression in CD8^hi^ MAITs compared with FTY-1y, FTY720 did not affect the expression of CD26, CD28, CD45RA, CD69, CD150, and CD243 in MAITs (Additional file [6](#MOESM6){ref-type="media"}: Figure S4A). Intriguingly, FTY-2y resulted in a decline in the expression of CD45RO in DN MAITs concomitant with an increase in CD45RA in both DN and CD8^hi^ MAITs compared with that in HDs (Additional file [6](#MOESM6){ref-type="media"}: Figure S4B).Table 3Changes in the cell surface antigen expression between HD and UT, and UT and IFNβ-treated subjectsMarkersHD vs. UTUT vs. IFNβDNCD8^hi^DNCD8^hi^Difference^a^Signifiance^c^Difference^a^Signifiance^c^Difference^b^Signifiance^c^Difference^b^Signifiance^c^CCR50.29\*\*\*\*0.27\*\*\*−0.08ns−0.05nsCCR60.55\*\*\*0.73\*\*\*−0.44\*\*\*\*−0.34\*\*\*CD280.05ns0.14\*0.02ns−0.05\*CD45RO−0.39\*\*−0.45\*\*−0.09ns0.02nsCD49d0.06ns0.00ns−0.10\*−0.13\*CD950.18\*\*\*0.27\*\*\*0.02ns0.00nsCD107a0.10ns0.04ns−0.01ns0.16\*CD1270.20\*\*0.09\*0.00ns−0.09\*CD1500.33\*\*0.27\*−0.10ns0.02nsCD279nd--0.00nsnd--0.22\*\*ICOS0.09ns0.06ns0.12\*0.06\*NKG2D0.05ns0.04ns−0.32\*−0.20ns^a^ $\documentclass[12pt]{minimal}
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Lymphocytes decreased during FTY720 treatment {#Sec11}
---------------------------------------------

We next addressed whether FTY 720 therapy led to a decrease in lymphocytes in the peripheral blood. Just 10--30 days post treatment, the absolute lymphocyte counts declined to 15--20 % of the pre-drug state in 5 patients. The absolute lymphocyte counts in each individual were kept relatively constant throughout drug treatment periods up to 3.5 years (Fig. [4](#Fig4){ref-type="fig"}a). We then measured the absolute lymphocyte number in patients treated with FTY720 for 3 years. Although the relative frequency of MAITs was twice that in HDs, the absolute number declined to one-sixth of that in HDs (data not shown and Fig. [4](#Fig4){ref-type="fig"}b). Similarly, CD8 T cell numbers represented 18.6 % of that in HDs, whereas CD4 T cell numbers were one-thirtieth of that in HDs (Fig. [4](#Fig4){ref-type="fig"}b). Notably, regardless of the fact that T cell (CD3^+^ cells) numbers declined to one-eleventh of that in HDs, the total lymphocyte number decreased to one-fifth of that in HDs. Surprisingly, white blood cell (CD45^+^ cells) numbers diminished only to two-thirds of that in HDs, indicating that FTY720 primarily affected circulating T cells, in particular CD4 T cells, in the blood (Fig. [4](#Fig4){ref-type="fig"}b).Fig. 4Effects of FTY720 on lymphocytes. **a** Time course of lymphocytes counts during FTY720 treatment. The lymphocyte counts in the each individual (\#2, 3, 4, 6, and 8) were followed from the pre-drug to 3 years and half with a mean interval of 3 months. **b** Effect of FTY720 on blood cells. The absolute counts of the indicated subsets in the blood from HDs (n = 9) and from subjects treated with FTY720 for 3 years (n = 5) are shown. *P* \< 0.05 indicates statistical significance (Mann--Whitney *U* test). All data are presented as *horizontal lines*: median; *boxes*: 25th percentile and 75th percentile; *whiskers*: minimum and maximum

Effects of FTY720 on the cytokine production potential in MAITs, CD8 T cells, and in CD4 T cells {#Sec12}
------------------------------------------------------------------------------------------------

Given that FTY720 treatment altered the cytokine production profile in CD4 T cells (Song et al. [@CR30]), the potential to produce IFNγ, TNFα, and IL-17A from MAITs, CD8, and CD4 T cells was assessed (Fig. [5](#Fig5){ref-type="fig"}). Besides these cytokines, the production of GM-CSF was also measured, because GM-CSF is a hallmark of MAITs and has been suggested to be pathogenic in MS (Croxford et al. [@CR9]; Cui et al. [@CR10]; Rahimpour et al. [@CR24]; Wakao et al. [@CR35]) (Additional file [7](#MOESM7){ref-type="media"}: Figure S5). SPICE analysis has revealed a difference in the cytokine production profile in CD4 T cells between and HD and FTY720-treated groups, and between untreated and FTY720-treated groups (Fig. [5](#Fig5){ref-type="fig"}a). However, no or little difference was observed in MAITs and CD8 T cells (Fig. [5](#Fig5){ref-type="fig"}a). When two way ANOVA was performed for all the possible pairs among HD, untreated, and FTY720-treated groups in terms of cytokine production profile, we observed a decline in the relative frequency of cells producing both IFNγ and TNFα in MAITs from untreated group relative to that in HD (Fig. [5](#Fig5){ref-type="fig"}b). Intriguingly, FTY720 treatment enhanced the relative frequency of these cells in MAITs, CD8 and CD4 T cells compared with that in untreated group. Similarly, CD4 T cells harbored more double producer cells upon FTY720 treatment than those in HD (Fig. [5](#Fig5){ref-type="fig"}b). In marked contrast, FTY720 treatment decreased the relative frequency of TNFα single producer cells from CD4 T cells compared with that in HD and in untreated groups (Fig. [5](#Fig5){ref-type="fig"}b). Similarly, the same regimen resulted in a decline in the frequency of IFNγ single producer cells from CD8 T cells (Fig. [5](#Fig5){ref-type="fig"}b). Although the number of the subjects was quite limited (n = 4, per group), the cytokine production test revealed the effects of the disease and of FTY720 on MAITs, CD4, and CD8 T cells.Fig. 5Cytokine production from the lymphocytes. **a** Comparison of the cell subsets capable of producing the cytokines. The relative percentages of cells being capable of secreting the indicated set of cytokines within MAITs, conventional CD8 and CD4 T cells from HDs (n = 4) and untreated (n = 4: UT) and FTY720-treated (treatment for 1 and 2 years, n = 4: FTY) subjects are shown as a pie chart. An *asterisk* indicates statistical significance after the partial Permutation test \**P* \< 0.05; \*\**P* \< 0.01). **b** Frequency of cells producing a different set of cytokines. The relative percentage of cells producing the indicated cytokine combination from HD (n = 4), untreated (n = 4: UT), and FTY720-treated (treatment for 1 and 2 years, n = 4:FTY) subjects is shown. The statistical significances are analyzed by Two-way ANOVA and *P* values are corrected with Holm-Sidak test. An *asterisk* indicates the groups exhibiting a statistical difference (\**P* \< 0.05; \*\*\**P* \< 0.001). All data are presented as *horizontal lines*: median; *whiskers*: minimum and maximum

Discussion {#Sec13}
==========

It has been proposed that MAITs are implicated in the pathophysiology of MS, although the phenotype and function of MAITs in MS have not been explored extensively (Illés et al. [@CR14]; Miyazaki et al. [@CR21]; Willing et al. [@CR36]). Our present finding that FTY720 induced depletion of CD8^hi^ MAITs revealed that CD8 MAITs constituted CD8^hi^ and DN cells in HDs and in MS. Furthermore, depletion of CD8^hi^ MAITs in untreated- and FTY720-treated subjects indicated that this phenomenon was specific for MS irrespective of drug use, suggesting that the phenotype of MAITs was affected in the disease, and the drugs could not restore the original state. Accordingly, the expression of CCR5, an inflammatory chemokine receptor, remained higher in untreated- and FTY720-treated subjects than that in HD CD8^hi^ MAITs, indicating that MAITs were activated (Additional file [5](#MOESM5){ref-type="media"}: Figure S3A). Of note, a higher serum level of CCR5 ligands such as CCL3 and CCL5 has been found in MS patients, although the effects of these ligands on the disease has yet to be elucidated (Khaiboullina et al. [@CR17]). Similarly, an increase in serum CCL20, a ligand for CCR6, has been reported in MS patients (Jafarzadeh et al. [@CR16]). The beneficial effects of FTY720 consisted of trapping naive and central memory T and B cells that express CCR7 in lymph nodes, thus preventing egress of the pathogenic cells from recirculation (Brinkmann [@CR4]). A significant decrease in CD4 and CD8 T cells, as well as MAITs, upon FTY720 administration, as shown in Fig. [4](#Fig4){ref-type="fig"}, suggested that CCR7^+^ MAITs could be present in MS, probably during the acute relapse stage or in the secondary lymphoid organs, which we did not examine in this study. Given that MAITs exhibit an effector/memory phenotype being CCR7^−^CD28^+^CD27^+^CR45RO^+^ in healthy individuals, such an aberrant phenotype could represent the pathogenic cells (Dusseaux et al. [@CR11]). In line with the hypothesis, an increase in the expression of CD45RA in FTY-2y subjects relative to that in HDs, has been observed, implying that MAITs have become so-called T effector-memory RA (T~EMRA~) cells (Additional file [6](#MOESM6){ref-type="media"}: Figure S4B). Because CD8 T~EMRA~ cells stem from central memory T cells (CCR7^+^CD45RA^−^) upon homeostatic proliferation independent of a specific antigen stimulus, the origin of CD45RA^+^ MAITs may be CCR7^+^ cells as described above, provided that the differentiation of MAITs operated similar that of CD8 T~EMRA~ cells (Geginat et al. [@CR12]). Although a recent report has indicated that MAITs are largely CCR7^−^ in untreated MS patients, CCR7^+^ MAITs could be present in FTY720-treated patients (Salou et al. [@CR27]). Furthermore, the enhanced expression of CD107a concomitant with a decline in CD27 after 1 year of FTY 720 therapy indicated that DN MAITs had become terminally differentiated effector/memory cells, although the data for CD57, a marker of terminal differentiation, together with those for perforin, an effector molecule for exerting cytotoxicity, were missing (Fig. [3](#Fig3){ref-type="fig"}) (Brenchley et al. [@CR3]). Nonetheless, of note was that this phenotype seemed to be reversed after 2 years of FTY720 treatment, indicating that less mature effector/memory MAITs re-accumulate in the blood (Fig. [3](#Fig3){ref-type="fig"}). These results reflected the dynamics of MAITs in MS and may mirror the status of MAITs during the course of drug regimens.

CCR6 is expressed in Th17 cells, which have been considered to be pathogenic in MS (Jadidi-Niaragh and Mirshafiey [@CR15]; Rostami and Ciric [@CR26]). FTY720 traps most Th17 cells within lymph nodes, thus preventing further deleterious effects in the CNS. Indeed, many Th17 cells are found in lesions in the brain of MS patients (Tzartos et al. [@CR34]). Intriguingly, the lesions contained as many IL-17-producing CD8 T cells (Tc17 cells) as Th17 cells (Tzartos et al. [@CR34]). Given that no or only very few CD8 T produces IL-17, and that MAITs are present at lesions, as in the case for Th17 and Tc17 cells, CD8 MAITs would be deleterious in MS. The fact that FTY720 enhanced the frequency of cells producing both TNFα and IFNγ, in MAITs, CD8 T cells, and CD4 T cells, while declining that of TNFα single-producer cells in CD4 T cells suggested beneficial effects of FTY720 on the host defense against infection (Fig. [5](#Fig5){ref-type="fig"}b). GM-CSF from pathogenic Th cells has been suggested to play a pivotal role in the pathology of MS by instigating myeloid cells to cause CNS damage (Croxford et al. [@CR9]). Our present data, however, did not detect any differences in the production of GM-CSF from different subject groups irrespective of the cell sources (Fig. [5](#Fig5){ref-type="fig"}b). This might be due to the artificial stimulus used in the study, and it is conceivable that MAITs from relapsing MS patients could produce more GM-CSF. The presence of such pathogenic MAITs has yet to be explored.

Increases in the relative frequency of MAITs upon FTY 720 therapy could be due to the loss of naïve and central memory cells from the periphery and suggested that MAITs would continue to play a role in host defense against bacterial and/or fungal pathogens in highly lymphopenic conditions, regardless of the fact that absolute lymphocyte numbers declined sharply (Fig. [4](#Fig4){ref-type="fig"}). This hypothesis may be underpinned by a phase 3 trial of FTY720, demonstrating that patients receiving FTY720 or placebo had quasi-identical incidences of upper respiratory and urinary infections, but the occurrence of viral infections increased slightly in the former group at up to 2 years (Calabresi et al. [@CR5]). In line with this, MAITs do not recognize viral proteins (Dusseaux et al. [@CR11]). A follow-up study for more than 3 years should be conducted to see whether MAIT cell number still continue to decrease along with FTY 720 therapy, because depletion of MAITs from the peripheral blood would make patients susceptible to infection, in particular, to opportunistic infection as observed in the case of HIV-infected patients with persistently lowered MAITs (Leeansyah et al. [@CR19]; Sandberg et al. [@CR28]). The significant drop of MAIT cell number could be attributed either to the slow cell death caused by FTY720 or to the death caused by the lack of unknown trophic factors for MAITs being stemmed from other lymphocytes or cells. Alternatively, MAITs may be susceptible to death caused by FTY720-mediated activation. Most importantly, the increase in the relative frequency of CD8^hi^ MAITs concomitant with a decline in DN MAITs after 3 years of FTY 720 therapy suggest that the co-receptor composition of MAITs has recovered to normal except for CD4 MAITs, which had remained low (Fig. [2](#Fig2){ref-type="fig"}). Such dynamics of MAITs could reflect to those of MS status, although more studies will be warranted in the future.

Conclusions {#Sec14}
===========

FTY 720 therapy enhanced the relative frequency of MAITs in MS patients in a time-dependent manner. Although the expression of CD8 in MAITs has been affected early by FTY720, longer treatment has reversed the phenotypic change. These data demonstrated that FTY720 induced dynamic change in the relative frequency and in the phenotype of MAITs in MS.
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10.1186/s40064-016-2923-9 Availability of the samples during FTY720 treatment. Available samples from the indicated individuals are listed. MAIT: samples available for the analysis of MAIT cell frequency at the indicated time points, surface: samples available for the analysis of the cell surface antigens in MAIT cells at the indicated time points. na: not available.10.1186/s40064-016-2923-9. List of antibodies used in this study. Antibodies are categorized and the name of the clone is indicated.10.1186/s40064-016-2923-9. Effects of the disease and drugs on the frequency of CD4 and CD8 T cells. Upper panel; The frequency of CD4 T cells relative to the total CD3^+^ cells in healthy donors (HDs) (n = 10) and disease-modifying treatment free (untreated: UT) (n = 15), and FTY720-treated subjects (n = 7) are plotted. Lower panel; The frequency of CD8 T cells relative to the total CD3^+^ cells in HD (n = 10), untreated (n = 15), and FTY720-treated subjects (n = 7) are plotted. 3 m, 1 y, 2 y, and 3 y; subjects treated FTY720 for 3 months, 1, 2 and 3 years, respectively. Some samples are missing as described in the Materials and Methods. Data are analyzed with Mann--Whitney *U* test (HD vs UT and UT vs IFNβ) or with Kruskal--Wallis test with Dunn's multiple comparison test for all the possible combinations (among UT, 3 m, 1 y, 2 y, and 3 y). Asterisks indicate the groups showing a significant difference (\*: *P* \< 0.05, \*\*: *P* \< 0.01, \*\*\*: *P* \< 0.001). ns; not significant.10.1186/s40064-016-2923-9. Cell surface antigen expression in MAITs from healthy donors. (A) Cell surface antigens exhibiting different levels of expression in DN MAITs and CD8^hi^ MAITs from HDs. (B) Cell surface antigens exhibiting little difference in expression in DN MAITs and CD8^hi^ MAITs from HDs. (A and B) MFI for the indicated cell surface antigens in DN MAITs and CD8^hi^ MAITs from HDs (n = 16) is shown. Asterisks indicate a statistically significant difference (\*: *P* \< 0.05, \*\*: *P* \< 0.01, \*\*\*: *P* \< 0.001, Mann--Whitney *U* test). (C) Cell surface antigens exhibiting different levels of expression in DN MAITs, CD8^hi^ MAITs and CD4 MAITs from HDs. (D) Cell surface antigens exhibiting little difference in expression in DN MAITs, CD8^hi^ MAITs and CD4 MAITs from HDs. (C and D) The MFI for the indicated cell surface antigens in DN MAITs, CD8^hi^ MAITs, and CD4 MAITs from HDs (n = 16) is shown. Data are analyzed with Kruskal--Wallis test with Dunn's multiple comparison test for all the possible combinations. Groups showing a difference are indicated with an asterisk (\*: *P* \< 0.05, \*\*: *P* \< 0.01, \*\*\*: *P* \< 0.001, \*\*\*\*:*P* \< 0.0001). All data are presented as horizontal lines: median; boxes: 25th percentile and 75th percentile; whiskers: minimum and maximum.10.1186/s40064-016-2923-9. Cell surface antigen expression in MAITs in the disease. a Comparative analysis of the cell surface antigen expression in MAITs between HDs and untreated subjects. The MFI for the indicated cell surface antigens in DN MAITs and in CD8^hi^ MAITs from HDs (n = 16) and untreated subjects (n = 15, UT) are plotted. (B) Comparative analysis of cell surface antigen expression in MAITs between untreated and IFNβ-treated subjects. The MFI for the indicated cell surface antigens in DN MAITs and CD8^hi^ MAITs from untreated (n = 15: UT) and IFNβ-treated (n = 14) subjects are plotted. (A and B) *P* \< 0.05 indicates a statistical significance (Mann--Whitney U-test). Data are presented as horizontal lines: median; boxes: 25th percentile and 75th percentile; whiskers: minimum and maximum.10.1186/s40064-016-2923-9. Effects of FTY720 on expression of the cell surface antigens in MAITs. (A) The MFI for the indicated cell surface antigens in DN MAITs and in CD8^hi^ MAITs from untreated (n = 15, UT) subjects and from FTY720-treated patients for 3 months (n = 5, 3 m), 1 year (n = 6, 1 y), and 2 years (n = 5, 2 y) are plotted. Data are analyzed with Kruskal--Wallis test with Dunn's multiple comparison test for all the possible combinations. (B) Effects of FTY720 on CD45RO and CD45RA MFI for CD45RO and CD45RA in DN MAITs and CD8^hi^ MAITs from HDs (n = 16) and from the FTY720-treated subjects is shown. 3 m, 1 y, and 2 y; subjects treated with FTY720 for 3 months (n = 5), 1 year (n = 6), and 2 years (n = 5), respectively. Data are analyzed with Kruskal--Wallis test with Dunn's multiple comparison test for all the possible combinations. Asterisks indicate the groups showing a significant difference (\*: *P* \< 0.05). Data are presented as median. Horizontal line: Median; boxes: 25th percentile and 75th percentile; whiskers: minimum and maximum.10.1186/s40064-016-2923-9. Gating strategy of intracellular cytokine staining. Left panels: Gating for MAIT cells, CD4 T cells and CD8 T cells is depicted. Production of the indicated cytokines from these cells is measured after permeabilization. The numbers in the figure represent the percentage of the cell populations producing the indicated cytokines. Isotype control staining is also shown for each subset. Representative data are shown.

MS

:   Multiple sclerosis

CNS

:   Central nervous system

S1P

:   Sphingisine-1-phosphate

MAITs

:   Mucosal-Associated Invariant T cells

HDs

:   Healthy donors

IFN

:   Interferon

EDSS

:   Expanded Disability Status Scale

PBMC

:   Peripheral blood mononuclear cell

FACS

:   Fluorescence-activated cell sorting

TNF

:   Tumor necrosis factor

GM-CSF

:   Granulocyte/macrophage-colony stimulating factor

DN

:   Double negative

SLAM

:   Signaling lymphocyte associated molecule

Makoto Hirotani and Kazunori Yoshikiyo contributed equally to this work

HW, MH, HS and CS conceived and designed the study. CS and HW acquired the data. All authors contributed to analysis and interpretation of the data. CS and HW wrote the manuscript. All authors confirmed that they have read and approved the content presented in the final manuscript for submission. All authors read and approved the final manuscript.

Acknowledgements {#FPar1}
================

We thank Tomoko Furukawa and Tomomi Matsunaga for excellent technical support.

Competing interests {#FPar2}
===================

The authors declare that they have no conflict of interest. KY and UK are employees of Asubio Pharma.

Ethics approval and consent to participate {#FPar3}
==========================================

Sample collection and informed consent procedures were approved by Hokkaido University Hospital Ethical Committee for this study (Approval Number: ji 011-0104) and patient written informed consent were obtained before study participation in accordance with the Declaration of Helsinki.

Funding {#FPar4}
=======

The work was supported, in part, by Japan Society for the Promotion of Science \[Grants-in Aid for Scientific Research (B) 22390119 and Scientific Research (C) 26430084\].
